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Available online 24 April 2008Growth directions and crystallographic orientations of solidiﬁcation microstructures have been measured in Al–Zn alloy near the
eutectic composition. Al dendrites in Al–92 wt.% Zn alloy were found to grow along the h110i directions while Zn dendrites in Al–
96 and 98 wt.% Zn have h1010i trunks. In the lamellar eutectic, a crystallographic relationship has been found between the dense
plane of each phase, i.e. f111gfcck f0001ghcp, and the dense directions, i.e. h110ifcckh1210ihcp.
 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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of wrought alloys, the so-called 7000 series, and are also
widely used as anti-corrosion coatings of steel sheets.
They are also interesting from a more fundamental point
of view because zinc, a hexagonal close-packed (hcp)
element, can be added to aluminum up to very large
amounts (up to 94 wt.%) while keeping the face-centered
cubic (fcc) structure. During solidiﬁcation of hypoeutec-
tic alloys, fcc dendrites form despite large amounts of
zinc in solid solution at high temperature, while hcp ones
normally grow for hypereutectic compositions. How-
ever, an interesting phenomenon has been reported re-
cently [1] concerning the growth direction of fcc
dendrites: while h100i dendrites are normally expected
to grow in cubic metals [2], a continuous transition from
h100i to h110i has been observed as the concentration of
zinc cZn increases from 5 to 90 wt.%. This evolution,
called dendrite orientation transition (DOT), occurred
between 25 and 60 wt.%. Textured seaweed structures
were observed at the beginning and end of this DOT.
This change of dendrite orientation in fcc Al–Zn was
interpreted as a modiﬁcation of the solid–liquid interfa-
cial energy of aluminum cs‘ðcZnÞ as cZn increases [1,3].
Indeed, dendrite growth directions are dictated by the
anisotropy of cs‘; more precisely they are given by min-
ima of the so-called interface stiﬀness Ss‘. The stiﬀness
Ss‘ is given in two dimensions by ðcs‘ þ c00s‘Þ, where c00s‘1359-6462/$ - see front matter  2008 Acta Materialia Inc. Published by El
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gonzales@epﬂ.chis the second angular derivative of cs‘ð/Þ appearing in
Herring’s relations [4]. The stiﬀness in three dimensions
is similarly given by cs‘ þr2cs‘, where the Laplacian is
applied to cs‘ðh; /Þ. In two dimensions, the minima of
the stiﬀness correspond to the most convex parts of
the equilibrium shape crystal, from which dendrites will
be initiated naturally, and such is also normally the case
in three dimensions. Note that the equilibrium shape
crystal can be obtained from the c-plot and vice versa
using the n-vector construction outlined by Cahn and
Hofmann [5]. In the case of aluminum, the anisotropy
of cs‘ has been measured in Al–Cu with a low copper
composition [6] and is very low, typically 1%. On the
other hand, it is much higher in hcp zinc (about 30% be-
tween the c-direction and the basal plane) [7] and causes
dendrites to grow primarily along the h1010i directions.
h0001i dendrites can also grow in Zn–Al, but with a
velocity about half that of h1010i dendrites [11].
Since zinc inﬂuences the growth of aluminum den-
drites, the question that is addressed in the present report
is the following: is it possible to inﬂuence the growth
directions of zinc dendrites by aluminum solute elements
and make them grow along h1120i, i.e. the equivalent of
h110i in fcc, instead of h1010i direction? The question
might look absurd considering the large anisotropy of
cs‘ for zinc, however, one should keep in mind that the
30% anisotropy mentioned before is only between the
c-axis and the basal plane. The anisotropy in the basal
plane has not been measured to the authors’ knowledge.
Therefore, in the present work, three diﬀerent alloy
compositions were prepared from Al 99.995% and Znsevier Ltd. All rights reserved.
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hypereutectic (Al–96 and 98 wt.% Zn). These composi-
tions are indicated by dashed lines on the Al–Zn phase
diagram reproduced in Figure 1A. The right amounts
of each metal were melted, mixed together and cast in
a horizontal copper mold to prevent macrosegregation.
Rods 200 mm long and 4.9 mm in diameter were then
machined from the ingots. They were then inserted into
alumina crucibles for directional solidiﬁcation in the
same Bridgman furnace used in Ref. [1]. While the ther-
mal gradient was about the same (about 40 C cm1),
the pulling speed was reduced by a factor 10 as compared
with that used in Ref. [1] (i.e. 6:7 lm s1 was selected in
the present case). Indeed, as pointed out by Se´moroz et
al. [11], too large a velocity in the hypereutectic alloys in-
duces the formation of equiaxed grains, unless poisoning
solute elements such as Pb, Bi or Sb are added.
For metallographic observations, transverse and longi-
tudinal sections were made using a diamond saw. The sec-
tions were then mechanically polished according to the
following sequence: 1000–2400 SiC paper and water as
lubricant, polishing cloth with 6, 1 and 1/4 lm diamond
particles with ethanol as lubricant. Etching was then
performed with 25% Keller solution, a short dipping of
about 1 s being suﬃcient to reveal the microstructure.
The same procedure was applied for electron backscatter
diﬀraction (EBSD) analyzes. No etching or treatment
was needed for the hypereutectic composition. For the
hypoeutectic composition, electropolishingwas performed
at a temperature of about 10–20 C, for 8 s,with 10 Vanda
solution made of 72 ml ethanol, 20 ml 2-butoxyethanol
and 8 ml perchloric acid (71% concentration). The EBSD
observationswere performed on a PhilipsXL30FEG scan-
ning electron microscope (typically 25 kV, spot size of a
few nm, working distance between 20 and 25 mm). The
recording and indexing of the pseudo-Kikuchi lines were
performed with the software Channel 5 from HKL Tech-
nology. EBSDmaps were made of longitudinal and trans-
verse sections, in the primary trunk of the columnar
dendrites. The crystallographic relationship between the
fcc and hcp phases in the interdendritic eutectic was also
identiﬁed using EBSD maps on transverse sections.
Starting ﬁrst with the interdendritic eutectic, Figure
1B shows two eutectic grains, each one made of Al
(dark) and Zn (light) lamellae. The lamellae interspacing
in this regular eutectic is 2:4  0:5 lm. A lever rule ap-
plied on the phase diagram gives an Al volume fraction
of 0.21, while metallographic observations give a value
of about 0.12. In fact, the monotectoid transformation
also occurs in the Al lamellae, partially transforming
this phase into Zn and lower solute-content fcc. Singh
et al. [8] showed that the excess Zn that precipitates rep-
resents 15% of the total volume of Zn, of which about
half precipitates at the interface of the lamellae and
the other half at the center of the Al lamellae.
Pole ﬁgures obtained for the fcc and hcp lamellae of
the two grains are also shown in Figure 1B. As can be
seen, there is a clear orientation relationship between
these two phases in the two grains:
h1210ihcpkh110ifcc
f0001ghcpkf111gfccThis crystallography relationship, which corresponds
to the dense directions and dense planes in both the hcp
and fcc phases, comes from the initial stage of nucle-
ation of the second phase over the ﬁrst one. On the other
hand, the interfaces between Zn and Al lamellae do not
correspond exactly to the dense packing planes as can be
seen on the micrograph: they are within about 10 from
the basal or (111) plane, i.e. incoherent interfaces. Dur-
ing growth, this regular eutectic has some freedom to
adapt the interfaces as a function of the thermal condi-
tions while keeping the original crystallographic rela-
tionship. These metallographic observations conﬁrm
studies made by previous authors [9,8,10].
Longitudinal sections of the two hypereutectic alloys
are shown in Figure 1C and D together with correspond-
ing h1010i pole ﬁgure. The axes of the metallographic
sections and pole ﬁgures are the same, i.e. the normal
to the section is at the center of the pole ﬁgure. As can
be seen, both sections are within 10 of the basal plane.
More importantly, the dendrite growth direction in both
specimens correspond to h1010i as indicated by the
point near the label X0 in the pole ﬁgure. This growth
direction is identical to that measured by Se´moroz et
al. [11] in zinc alloys with various aluminum concentra-
tions and by Quiroga et al. [13] in Zn–0.2 wt.%Al. This
seems to conﬁrm that aluminum does not change the
regular h1010i growth direction of Zn dendrites in the
basal plane. The dendrite side arms in the Al–96 wt.%
Zn specimen (Fig. 1C) are fairly well-developed along
h1010i, i.e. at 60 from the trunks, whereas the den-
drites in the Al–98 wt.% Zn specimen look more cellular
(Fig. 1D). This eﬀect is probably due to the inﬂuence of
the solidiﬁcation interval DT 0ðcZnÞ rather than induced
by a change of the strength of the anisotropy of cs‘ in
the basal plane (i.e. the contribution of the spherical
harmonics 66ðY 66 þ Y 66 Þ in the development of cs‘). In-
deed, in the Al–98 wt.% Zn specimen, the solidiﬁcation
interval is 50 K and the limit of constitutional underco-
oling vc ¼ GD‘=DT 0, where D‘ is the coeﬃcient in the
liquid, is around 0:25 lm s1. This value is closer to
the 0:67 lm s1 used in the present experiments and so
the microstructure is more cellular. Nevertheless, they
are not strictly speaking cells since the primary trunks
grow along a preferential direction. In order to assess
more quantitatively the strength of the term 66, direct
measurements of the equilibrium shape of zinc droplets
in the solid are underway.
A cross-section of the Al–98 wt.% Zn specimen is
shown in Figure 2. The dendrites look really elongated
in the basal plane with not very well-developed side
arms. The dendrite trunk spacing, as measured in a
transverse section, is fairly anisotropic due to the diﬀer-
ent growth rates of h1010i and h0001i side arms. It is
about 260 lm along the basal plane while only 100 lm
separate two successive rows of dendrites along the
c-direction. In the corresponding pole ﬁgure shown in
Figure 2, two orientations are measured locally at a
given spot of the electron beam, which is rather surpris-
ing. The circular dots correspond to the orientation
measured in the longitudinal section (Fig. 1), i.e. the
h1010i of the dendrite trunk corresponds to the normal
to the transverse section or to the thermal gradient
direction. The c-axis of the square dots shown in this
Figure 1. (A) Zn-rich side of the Al–Zn phase diagram redrawn from Ref. [12]. Dashed lines show the three studied compositions shown in (C)–(E).
(B) Transverse SEM picture of two grains of the eutectic region. The associated pole ﬁgures are shown on the right for each phase (fcc and hcp) in the
two diﬀerent grains. Longitudinal section micrographs observed in (C) Al–96 wt.% Zn sample (SEM), (D) Al–98 wt.% Zn sample (OM) and (E) Al–
92 wt.% Zn sample. For ﬁgures (C) and (D), the h1010i pole ﬁgures correspond to the hcp Zn dendrites, while for ﬁgure (E), the h110i pole ﬁgure is
for the fcc Al dendrites. Growth rate 0:67 lm s1; thermal gradient 40 K cm1.
Figure 2. SEM picture of a transverse section of the hypereutectic Al–
98 wt.%Zn alloy showing a zinc dendrite trunk and associated h1010i
pole ﬁgure measured in its center and showing two sets of directions
(dots and squares).
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sponds to microtwinned domains induced by the sample
preparation.
In the hypoeutectic sample, Al dendrites undergo a
monotectoid transformation a ! a0 þ b. Transmission
electron microscopy (TEM) observations showed that
this solid state transformation causes a crystallographic
rearrangement under the form of a lamellar structure.
The interlamellar spacing is variable, depending of the
part observed, but is generally less than 1 lm. As a re-
sult, the EBSD signal is very poor but a few points could
nevertheless be indexed. As shown in Figure 1E, Al den-
drites of the hypoeutectic alloy grow along h110i (grey
point at the bottom), as already found for Al–90 wt.%
Zn [1]. This result is conﬁrmed by the metallographic
observations shown in this ﬁgure: although side arms
M. Rheˆme et al. / Scripta Materialia 59 (2008) 440–443 443are not in this plane of the micrograph, as shown by
their fragmented aspect, they make an angle of about
60 with the trunk.
In conclusion, in the fcc structure, the minima of the
solid–liquid interface stiﬀness do correspond to the near-
est-neighbor directions, i.e. h110i direction, while they
are at 30 from these directions in the hcp structure,
i.e. h1010i, regardless of the Al composition.
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